Dual inhibitory and stimulatory actions of guanine nucleotides on luteinizing-hormone (LH) 
INTRODUCTION
GTP-binding proteins play diverse roles in several cellular processes, including protein synthesis, microtubule assembly, intracellular vesicle trafficking, targeting of secretory proteins to the endoplasmic reticulum, and stimulus-secretion coupling (Gilman, 1987; Allende, 1988; Balch, 1989; Rothman, 1989) . A family of heterotrimeric GTP-binding proteins (G-proteins) couple certain cell-surface receptors to plasma-membrane ion channels (Houslay, 1987; Rosenthal et al., 1988) and intracellular effectors such as adenylate cyclase, phospoinositidase C and phospholipases A2 and D (Gilman, 1987; Burgoyne et al., 1987; Fain et al., 1988; Martin & Michaelis, 1989) .
Two lines of evidence have accumulated supporting the involvement of GTP-binding proteins in exocytosis. Firstly, studies on a temperature-dependent yeast mutant with a defect in constitutive exocytosis have identified the gene product SEC4 as a 23.5 kDa ras-like GTP-binding protein which associates with yeast secretory vesicles (Salminen & Novick, 1987; Goud et al., 1988) . Secondly, intracellular application of GTP analogues has been reported to modulate exocytosis in several cell types. GTP analogues stimulate exocytosis in mast cells (Gomperts, 1983; Howell et al., 1987) , platelets (Haslam & Davidson, 1984) , adrenal chromaffin cells (Knight & Baker, 1985; Bittner et al., 1986) , neutrophils (Barrowman et al., 1986) , parathyroid cells (Oetting et al., 1986) , RINm5F cells (Vallar et al., 1987) , gonadotropes (Andrews et al., 1986) and lactotropes (Sikdar et al., 1989) . In some of these studies the GDP ,J-thio analogue GDP [S] inhibited second-messenger-stimulated exocytosis (Barrowman et al., 1986; Bittner et al., 1986; Vallar et al., 1987) . In contrast, GTP analogues have also been reported to inhibit exocytosis in bovine adrenal chromaffin cells (Knight & Baker, 1985) and PC12 cells (Ahnert-Hilger et al., 1987) .
We have previously characterized the regulation of luteinizinghormone (LH) exocytosis by Ca2 , protein kinase C (PKC) and cyclic AMP (cAMP) in primary sheep anterior-pituitary cells permeabilized with Staphylococcus aureus ac-toxin (van der Merwe et al., 1989 Macrae et al., 1990) . In the present study we report that guanine nucleotides exert dual stimulatory and inhibitory effects on LH exocytosis. The stimulatory effect can be accounted for by activation of PKC together with the generation of cAMP. In contrast, the inhibitory effect of guanosine 5'-[y-thio]triphosphate (GTP [S] ) is exerted distal to the generation of second messengers, therefore implicating a GTP-binding protein which acts at a late stage in the exocytotic pathway.
MATERIALS AND METHODS Materials
Purified Staphylococcus aureus a-toxin (Bhakdi & TranumJensen, 1988) (v/v) fetal-calf serum (Gibco), penicillin (60 mg/l) and streptomycin (100 mg/l) with C02/air (1: 19).
Permeabilization and LH-exocytosis stimulation. Anteriorpituitary cells were permeabilized and stimulated as described by van der Merwe et al. (1989) , with some modifications. Briefly, the cells were washed twice with Buffer I and then once in Ca2+-free Buffer I. Buffer I comprised (mM): NaCl, 140; KCl, 4; MgCl2, 1; CaCl2, 1; glucose, 8.3; Hepes, 20 (pH 7.4) ; Phenol Red, 6 mg/l; and 0.1 % (w/v) BSA. The cells were then permeabilized by incubation for 10 min at 37°C in intracellular (IC) buffer with 3 ,ug of a-toxin/ml, 0.5 mM-EGTA, 6.5 mM-MgCl2 and 6 mMNa2ATP. IC buffer comprised (mM): sodium propionate, 140; KCI, 4; sodium Pipes, 25 (pH 6.6); Phenol Red, 6 mg/l; and 0.1 0% BSA. The cell-culture plates were cooled on ice for 10 min and then equilibrated with ice-cold stimulation buffer for 30 min. The stimulation buffer comprised IC buffer with MgCl2 (6.5 mM), Na2ATP (6 mM) and 10 mm-or 30 mM-CaEGTA buffer with the indicated [Ca2+Iree. CaEGTA buffers were prepared as described by van der Merwe et al. (1989) . In all experiments additional nucleotides were added with equimolar MgCl2. LH exocytosis was initiated by warming to 37°C in a water bath or by replacement with identical medium at 37 'C. After the indicated time (15-30 min) the medium was removed for LH determination.
In experiments examining inhibitory effects of guanine nucleotides, a different protocol was used (Fig. 5) . ATP was omitted during the permeabilization and equilibration steps and 2 mM-MgCI2 was present. Cells were equilibrated for 30 min at 0°C in the presence of guanine nucleotides and then were warmed to 37°C and preincubated for a further 30 min in the same medium. After preincubation, the medium was removed and the cells were stimulated for 30 min in stimulation buffer (containing 6.5 mM-MgCl2 and 6 mM-Na2ATP A probable mechanism for this stimulatory effect of GTP analogues is through the activation of conventional signaltransducing G-proteins which would result in the generation of diacylglycerol and cAMP. We have previously shown that both the PKC-activating phorbol 1 2-myristate 13-acetate (PMA) (van der Merwe et al., 1989) and cAMP (Macrae et al., 1990 ) are able to stimulate LH exocytosis in permeabilized gonadotropes. Furthermore, the stimulatory effects of PMA and cAMP are highly synergistic (Macrae et al., 1990) . We therefore examined whether the stimulatory effects of guanine nucleotides result from the generation of these second messengers.
p[NH]ppG was able to stimulate a further increase in LH exocytosis in the presence of maximally effective concentrations of PMA (Fig. 3) (Fig. 3) . Therefore, the stimulatory effects of guanine nucleotides are not fully explained either by stimulation of cAMP generation alone or by the isolated activation of PKC. However, it is possible that simultaneous activation of both of these second-messenger pathways could account for the guanine nucleotide effects. In support of this, p[NH]ppG was unable to stimulate further LH exocytosis from cells stimulated with maximal concentrations of cAMP plus PMA (cAMP/PMA) ( Table 2 ).
Inhibitory effects of GTPIS] on LH exocytosis
In contrast with the acute stimulatory effects of guanine nucleotides described above, GTP[S] was found to inhibit LH exocytosis under certain conditions. In cells stimulated with cAMP/PMA, low concentrations of GTP[S] (which were not stimulatory) inhibited LH exocytosis after a lag of 5 min (Fig. 4) . In subsequent experiments, cells were preincubated with guanine nucleotides for 30 min at 37°C in the absence of ATP (see [PMA] (mM) Vol. 275 (Fig. 7) , a competitive inhibitor of nucleoside diphosphate kinase (Seifert et al., 1988) 37°C and preincubated for 30 min in the same medium. This medium was removed and replaced with stimulation buffer containing 10 mmCaEGTA (pCa 7) with no addition (-) or with cAMP (300,uM) (A), PMA (100 nM) (*), or cAMP plus PMA (V), and LH released after 30 min was determined. Table 3 . Antagonism of GTPISI inhibition by GTP, plNHIppG and GDP Permeabilized cells were equilibrated for 30 min at 0°C in buffer IC containing 2 mM-MgCl2 and 1O mM-CaEGTA (pCa 7) with the indicated guanine nucleotides. Cells were then warmed to 37°C and preincubated for 30 min in the same medium. This medium was removed and replaced with stimulation buffer containing 30 mMCaEGTA at pCa 7 or pCa 5, and LH released after 30 min was determined (n.d., not determined). 
DISCUSSION
The present study demonstrates that intracellular application of guanine nucleotides has both stimulatory and inhibitory effects on exocytosis in gonadotropes. In several previous studies the stimulatory effects of guanine nucleotides have been interpreted in terms of a stimulatory GTP-binding protein (GE) directly involved in exocytosis Regazzi et al., 1989) . In neutrophils (Barrowman et al., 1986) , mast cells (Cockcroft et al., 1987k and RINm5F cells (Vallar et al., 1987; Regazzi et al., 1989) there is evidence that the stimulatory effect of guanine nucleotides on exocytosis is not entirely due to the Vol. 275 activation of phosphoinositidase C and/or adenylate cyclase. However, it remains possible that in these cell types guanine nucleotides stimulate other G-protein-coupled effector systems such as phospholipases A2 and D (Burgoyne et al., 1987; Martin & Michaelis, 1989) (Eckstein, 1985; Li et al., 1988) . In support of this, GTP (and GTP[S] ) is preferred to ATP as a phosphate donor in some protein-phosphorylation reactions (Amir-Zaltsman et al., 1980; Amir-Zaltsman & Salomon, 1989) . Since thiophosphorylated proteins are resistant to dephosphorylation (Li et al., 1988) , processes requiring dephosphorylation, of which exocytosis may be one (Momayezi et al., 1987) (Seifert et al., 1988) .
Previously GTP [S] has been reported to inhibit Ca2+-stimulated exocytosis in bovine adrenal chromaffin cells (Knight & Baker, 1985) and PC12 cells (Ahnert-Hilger et al., 1987 ) over a concentration range similar to that used in the present study. Interestingly, p[NH]ppG was not inhibitory in bovine adrenal chromaffin cells (Knight & Baker, 1985) , as we have found in gonadotropes. These similarities suggest that the mechanism of GTP[S] inhibition may be common to many secretory cell types.
It is attractive to hypothesize that GTP [S] inhibition is mediated by a GTP-binding protein directly involved in exocytosis. One possibility is that GTP[S] activates a conventional heterotrimeric G-protein which directly inhibits second-messenger-stimulated exocytosis. In support of this, we have found that pretreatment with pertussis toxin, which catalyses ADPribosylation of certain heterotrimeric G-proteins (Bokoch et al., 1983) , partially prevents the inhibition by GTP[S] (P. A. van der Merwe & J. S. Davidson, unpublished work). Similar results were obtained in chromaffin cells (Ahnert-Hilger et al., 1987) . There is also evidence that the inhibitory effects of somatostatin and a2-adrenergic-receptor activation on secretion result from coupling to heterotrimeric G-proteins which directly inhibit second-messenger-stimulated exocytosis (Ullrich & Wollheim, 1988; Luini & De Matteis, 1990) . However, no receptors have been identified in gonadotropes which mediate inhibition of LH exocytosis.
An alternative possibility is that GTP [S] inhibition is mediated by a non-conventional GTP-binding protein directly involved in exocytosis. Previous studies have identified such a protein (SEC4) which is essential for constitutive exocytosis in yeast (Salminen & Novick, 1987; Goud et al., 1988) . SEC4 is a member of a large family of small (20-25 kDa) ras-like GTP-binding proteins, some of which have been implicated in intracellular vesicle-trafficking pathways in mammalian cells (Melangon et al., 1987; Bourne, 1988; Balch, 1989; Burgoyne, 1989) . Small GTP-binding proteins have been found tightly bound to the cytosolic surface of bovine adrenal chromaffin (Burgoyne & Morgan, 1989) 
